4 2 3 a r t I C l e S Memory, perception and action often require dealing with more or less complex series of elements [1] [2] [3] . It has been proposed that the brain can organize individual elements of memories or action sequences into a single unit, allowing for more reliable recall or efficient performance [1] [2] [3] . This process is especially relevant for action sequences that need extremely fast and precise control, notably human speech and animal vocalization 4 . Organizing such actions is slow and progressive, and requires efficient concatenation of elemental actions into one behavioral unit 1,2,5 . It has been proposed that ganglia circuits are involved in organizing motor and cognitive actions into chunks 6, 7 . Indeed, dysfunction of basal ganglia in both animals [8] [9] [10] and humans [11] [12] [13] has been associated with deficits in action sequence organization and chunking. Consistently, previous studies have shown that neuronal activity related to the initiation and termination of action sequences emerges in nigrostriatal circuits during sequence learning 9,14 . Furthermore, it has been recently shown that the blood oxygen level-dependent signal in sensorimotor striatum is correlated with the concatenation of motor sequences 15 . However, there is little understanding of how individual elements are concatenated into unitary action sequences, as well as how behaviorally discrete sequences are identified and separated in basal ganglia circuits. We developed a behavioral procedure to study the activity of basal ganglia circuits while mice learn to perform extremely rapid action sequences, on the temporal scale of human speech 16 , and uncovered that neural activity related to the execution of whole action sequences, rather than unitary elements, emerged in basal ganglia circuits during sequence learning.
Memory, perception and action often require dealing with more or less complex series of elements [1] [2] [3] . It has been proposed that the brain can organize individual elements of memories or action sequences into a single unit, allowing for more reliable recall or efficient performance [1] [2] [3] . This process is especially relevant for action sequences that need extremely fast and precise control, notably human speech and animal vocalization 4 . Organizing such actions is slow and progressive, and requires efficient concatenation of elemental actions into one behavioral unit 1, 2, 5 . It has been proposed that ganglia circuits are involved in organizing motor and cognitive actions into chunks 6, 7 . Indeed, dysfunction of basal ganglia in both animals [8] [9] [10] and humans [11] [12] [13] has been associated with deficits in action sequence organization and chunking. Consistently, previous studies have shown that neuronal activity related to the initiation and termination of action sequences emerges in nigrostriatal circuits during sequence learning 9, 14 . Furthermore, it has been recently shown that the blood oxygen level-dependent signal in sensorimotor striatum is correlated with the concatenation of motor sequences 15 . However, there is little understanding of how individual elements are concatenated into unitary action sequences, as well as how behaviorally discrete sequences are identified and separated in basal ganglia circuits. We developed a behavioral procedure to study the activity of basal ganglia circuits while mice learn to perform extremely rapid action sequences, on the temporal scale of human speech 16 , and uncovered that neural activity related to the execution of whole action sequences, rather than unitary elements, emerged in basal ganglia circuits during sequence learning.
Basal ganglia circuits encompass two major pathways: a monosynaptic GABAergic projection from dopamine D1 receptors-expressing striatal medium spiny projection neurons (striatonigral MSNs) to the output nuclei such as substantia nigra pars reticulata (SNr), known as the direct pathway 17, 18 , and a polysynaptic projection from dopamine D2 receptors-expressing striatal medium spiny projection neurons (striatopallidal MSNs) to output nuclei through external globus pallidus (GPe) and subthalamic nucleus (STN), known as the indirect pathway 17, 18 . Classical models of basal ganglia circuit function suggest that the direct and indirect pathways are differentially modulated by dopamine and work in an antagonistic manner to facilitate or inhibit movement, respectively [19] [20] [21] [22] . However, other models propose that the coordinated activity of both direct and indirect pathways is critical for actions 23, 24 . We used multisite recordings and optogenetics to investigate how activity related to the parsing and concatenation of action sequences develops in basal ganglia circuits and whether these activities are distinctly implemented in the direct and indirect basal ganglia pathways.
RESULTS

Mice learn to perform rapid action sequences
We trained mice to perform gradually faster sequences of lever presses until they reached the limit of their performance. Mice (n = 29) were first trained in a self-paced operant task in which four consecutive lever presses lead to a sucrose reward (fixed-ratio four, FR4) 9 . After 6 d of FR4 training, mice were then advanced into a differential reinforcement schedule in which four consecutive lever presses performed in a particular time window (FR4/Xs, fixed-ratio four within X seconds) would lead to reward (Online Methods). The duration of time required to perform the four lever presses was reduced across sessions from 8 s, to 4 s, to 2 s, to 1 s and finally to 0.5 s (from 0.5 to 8 Hz). Mice learned to perform the sequences of lever presses faster as training progressed, as evidenced by both the gradual decrease in the average inter-press interval (IPI) and the clustering of consecutive a r t I C l e S IPIs closer to the final target sequence (13.3%, 15.0%, 30.7%, 42.4% and 48.0% of consecutive IPIs occurring below the 500-ms quadrant for the five training schedules, respectively; Fig. 1a ). In the final stage of training, as mice performed under the 8-Hz schedule, the peak distribution of IPIs fell below 167 ms, which was the average IPI duration required for rewarded sequences under the FR4/0.5s schedule (Fig. 1b) . We quantified each IPI within a rewarded sequence 9 (Fig. 1c) and found that the first, second and third within-sequence IPIs all decreased consistently throughout learning (two-way ANOVA test, main effect of training F 4,264 = 199.80, P = 1.4 × 10 −78 ; main effect of IPI F 2,66 = 10.01, P = 0.0002; no interaction between training and IPI F 4,64 = 1.71, P = 0.10; Fig. 1d ). The variability of first, second and third IPI, measured as coefficient of variance 9 , also significantly decreased during training (two-way ANOVA test, F 4,264 = 33.03, P = 2.5 × 10 −22 ; Fig. 1e ), indicating that each mouse performed more similar sequences of presses as training progressed. This means that the decrease in variability did not simply result from progressively increasing response rate, but that the standard deviation of the IPIs decreased disproportionally faster than the mean of the IPIs (Supplementary Fig. 1 ). At the end of training, the range of variability of these ultrafast sequences after training was comparable to those of other learned or innate action sequences reported in different species 9, 25, 26 . As the degree of difficulty of the task increased, action efficiency, measured by the percentage of rewarded lever presses out of total lever presses, decreased through faster schedules (from ~80% under FR4/8s to ~7% under FR4/0.5s; one-way ANOVA test, F 4,140 = 94.46, P = 9.0 × 10 −39 ). However, sequence length increased to an average of four presses per sequence after 6 d of FR4 training 9 (shorter than four on day 1, unpaired t test, t 28 = 7.40, P = 0.0001, and no difference to four on day 6, t 28 = 0.27, P = 0.79), although, during this phase of training, mice would get a reward every four presses, regardless of whether those four presses occurred consecutively in a sequence or not (for example, two sequences of two presses would earn one reward, and one sequence of eight presses would earn two rewards).
In addition, the mice continued to consistently press about four times per sequence across different fast sequence schedules (different from four, unpaired t test; 0.5 Hz, t 28 = 3.29, P = 0.003; 1 Hz, t 28 = 0.98, P = 0.34; 2 Hz, t 28 = 1.33, P = 0.20; 4 Hz, t 28 = 1.15, P = 0.26; 8 Hz, t 28 = 0.64, P = 0.53; Fig. 1f ), indicating that they learned to perform sequences of four presses in a certain time limit, and with little within-mouse variability in IPIs. Notably, the proportion of successful a b npg a r t I C l e S ultrafast sequences (sequences of four presses in 0.5 s, close to the limit of every mouse that we trained) significantly increased with training (from virtually none early in training, oneway ANOVA test, F 4,140 = 3.42, P = 0.01; Fig.  1g ). Taken together, these data indicate that mice were able to learn and chunk rapid action sequences (Supplementary Movie 1) .
As it has been shown that striatal plasticity is important for sequence learning 9 , we next asked whether striatal plasticity is necessary for the appropriate balance between speed and accuracy in the execution of these rapid sequences. We crossed mice expressing Cre recombinase in medium spiny neurons (Rgs9-cre) with mice carrying a loxP-flanked allele of the gene encoding NMDAR1 (Grin1). Although the resulting Rgs9-cre; Grin1 loxP/loxP mice could learn to press rapidly, they had more variable sequences, with the average number of lever presses being more distant to the target number (four) than that of control littermates. This suggests that striatal plasticity was necessary for the appropriate organization of these homogeneous sequences of four elements, but not for rapid motor performance. Consistently, this resulted in lower action efficiency in mutants than in controls, despite the higher within-sequence press rate ( Supplementary Fig. 2 ), confirming that striatal plasticity is required for organization of the number of elements in action sequences 9 .
Striatum encodes entire sequences as single actions We implanted electrode arrays (Online Methods) in the dorsal striatum and its downstream projection nuclei substantia nigra pars reticulata (SNr) and external globus pallidus (GPe) ( Supplementary  Fig. 3 and Supplementary Table 1) , and recorded neuronal activity while mice learned rapid action sequences. We analyzed the microstructure of each lever press sequence, and the neuronal activity related to each lever press within an action sequence 9 . Peri-event histograms (PETHs) were calculated on the basis of the alignment to the first, second, third, fourth or final press (some sequences had more than four presses) for all rewarded action sequences (Fig. 2) . Consistent with previous studies 9 , we observed MSNs with activity related to the Table 1) , which can signal the parsing of presses into sequences. However, we found that many MSNs displayed changes in activity related to the execution of the entire sequence of presses. Many MSNs decreased firing rate throughout the whole lever-press sequence (inhibited; Fig. 2c and Supplementary Fig. 5 ), whereas others displayed an increase in activity throughout the whole sequence (sustained; Fig. 2d and Supplementary  Fig. 5 ). There were almost no cells showing selective firing only to the second or third lever press (<5%) (ref. 9). In addition, this sequence-related sustained activity oscillated with a frequency related to the lever press frequency in each sequence (Pearson's R = 0.55, P = 7.8 × 10 −79 ; Fig. 2h ), and almost 95% of MSNs with sustained activity exhibited this type of significant correlation ( Fig. 2i) . Notably, this correlation was absent for neurons displaying either start/stop or inhibited sequence-related activity. The percentage of MSNs showing sequence-related start/stop activity (one-way ANOVA test, no effect of training F 4,48 = 0.21, P = 0.93; Fig. 2e ) and sequence-related inhibited activity (one-way ANOVA test, no effect of training F 4,48 = 0.35, P = 0.84; Fig. 2f ) remained relatively stable while mice progressed from 0.5 to 8 Hz. However, the percentage of MSNs showing sequence-related sustained activity (one-way ANOVA test, main effect of training F 4,48 = 3.91, P = 0.008; Fig. 2g and Supplementary Figs. 6 and 7) decreased slightly through training, suggesting a process of refinement and selection of these neural correlates of motor concatenation as training progressed. These results show that during action sequence learning, neural activity signaling whole action sequences as one action unit appears in striatum.
SNr and GPe exhibit different sequence-related activity
The finding that the proportion of MSNs with sequence-related activity did not change much as the training schedules progressed could stem from the fact that, in these analyses, different MSN types, which project to different targets (striatonigral and striatopalildal), were grouped together. We therefore investigated the evolution of sequence-related activity in the target nuclei SNr and GPe, which receive GABAergic afferents from the striatum to form the direct and indirect pathways 17, 18 .
We found all three types of sequence-related activity in these two nuclei (start/stop, inhibited and sustained, Pearson's R = 0.50, P = 2.3 × 10 −45 ; Fig. 3 and Supplementary Table 1) . However, we found that the proportion of neurons showing these different types of sequence-related activity evolved differently in SNr and GPe as training progressed (Fig. 3d-f) . With training, more neurons displayed sequence-related start/stop activity in SNr than in GPe (two-way ANOVA test, main effect of region F 1,17 = 14.04, P = 0.0004; Fig. 3d ). Similarly, a higher proportion of neurons displayed sequence-related inhibited activity in SNr than in GPe as training progressed (two-way ANOVA test, main effect of region F 1,17 = 38.90, P = 9.0 × 10 −6 ; interaction between training and region F 4,14 = 4.33, P = 0.004; Fig. 3e ). In contrast, more neurons exhibiting sequence-related sustained The lever press histogram (top) and the sustained GPe neuron PETH (bottom) both aligned to the first lever press in action sequences. (h,i) Percentage of neurons in SNr (h) and GPe (i) displaying sequence-related sustained activity with a significant correlation between PETH and average lever press rate. Error bars denote s.e.m. npg a r t I C l e S activity emerged in GPe than in SNr (twoway ANOVA test, main effect of region F 1,17 = 10.40, P = 0.002; interaction between training and region F 4,14 = 2.29, P = 0.07; Fig. 3f and Supplementary Figs. 6 and 7) . Interestingly, the sustained activity of SNr neurons was, on average, less related to lever press frequency than that of GPe neurons (chi-square test, χ 2 = 15.79, P = 0.0004; Fig. 3h,i) . Taken together, these data suggest that direct versus indirect basal ganglia pathways are differentially involved in action sequence learning and performance.
Sequence activity is action specific, but speed generalized Sequence-related activity in basal ganglia circuits may simply result from the rapid performance of different motor elements close in time or really encode specific action sequences. To disambiguate between these possibilities, we trained a subgroup of mice (n = 9) to perform two sessions on the same day, either under the same schedule and speed requirements, but on different action sequences (left versus right lever), or under different schedules and speeds (for example, 4 versus 8 Hz) on the same action sequence 9 (Online Methods). This experiment permitted us to track the same neuron's activity during the performance of different action sequences at the same speed, or the same action sequence at different speeds.
We found that the majority of neurons with start/stop activity in the striatum (Fig. 4a) , SNr (Fig. 4b) and GPe (Fig. 4c) were action specific. Sustained and inhibited activity in these regions also revealed some action specificity, with the exception of neurons in dorsal striatum with inhibited activity (Fig. 4a) , which showed similar sequencerelated inhibited activity for different actions (paired t test, t 4 = 1.00, P = 0.37), suggesting that they may have a more permissive role in action execution. In contrast, very few neurons with sequence-related activity were speed specific (Fig. 4) , indicating that the majority of neurons in these circuits exhibited similar start/stop, inhibited and sustained activity across different speeds of sequence performance (two-way ANOVA test, no effect of activity type F 2,86 = 2.82, P = 0.06; no effect of region F 2,43 = 0.43, P = 0.65; no interaction between activity type and region F 4,41 = 0.72, P = 0.58). These data suggest that the sequence-related activity uncovered here reflects the chunking of particular actions rather than the rapid performance of different motor elements close in time 9, 23, 24, 27 .
D1-and D2-MSNs distinctively encode action sequences
These results suggest that basal ganglia circuits differentially encode action sequences, and hence that striatonigral and striatopallidal MSNs, which project to SNr and GPe, respectively 17, 18 , should behave differently during rapid sequence performance. Thus, we sought to investigate if these subtypes of MSNs (D1 versus D2 expressing) displayed different sequence-related activity by using photostimulation-assisted cell identification 9, 28 (Fig. 5) . We expressed light-activated channel channelrhodopsin-2 (ChR2) 29 in D1-MSNs and D2-MSNs by injecting AAV viruses expressing ChR2 in a Cre-dependent manner into the striatum of mice expressing Cre recombinase specifically in these neurons 18 (Fig. 5a,b) . A customized electrode array attached with a guide cannula, which terminates at 300 µm above the electrode tips ( Fig. 5c and Online Methods), was implanted into the same location of dorsal striatum. This specific design allowed us to insert the optic fiber through the cannula and, more importantly, to carefully adjust its position to reach optimal light stimulation for identification of different cells in each session. We trained this new group of mice to perform the task; after training was completed, recordings were performed in normal sessions followed by light stimulation in the end of each session. We used a series of rather strict criteria to consider direct activation by light for cell identification. Only those units activated by light delivery with short latency (≤6 ms) to light onset and displaying identical waveforms during the behavioral session and light stimulation (Pearson's R ≥ 0.95) were considered to be direct or indirect pathway MSNs 9,28 (mean latency for positively identified D1-MSNs = 3.8 ± 0.1 ms, mean latency for positively identified D2-MSNs = 3.9 ± 0.1 ms, unpaired t test, no significant difference t 261 = 1.09, P = 0.28; Fig. 5e ,g,i,j and Supplementary Table 1 and Online Methods). The latency of ChR2-evoked responses in vivo for D1-MSNs and D2-MSNs has been reported to be as much as 40 ms or longer 22 . Although much stricter criteria were used in this study to minimize the possibility of false positives, the results and the conclusions were qualitatively consistent if more loose criteria were used (for example with a longer response latency of ≤10 ms; Supplementary Fig. 8) .
Analyses of the results from five D1-ChR2 mice (n = 121 positively identified cells in total from multiple sessions; Supplementary Table 1 ) and five D2-ChR2 mice (n = 142 positively identified cells in total from multiple sessions; Supplementary Table 1) revealed that, although a slightly higher proportion of D1-MSNs displayed start/stop activity than D2-MSNs, this difference was not significant (unpaired t test, t 19 = 0.80, P = 0.44; Fig. 5d,e,k) . In contrast, sequence-related inhibited activity (Fig. 5f,g ) was more predominant in D2-MSNs than in D1-MSNs (unpaired t test, t 19 = 4.55, P = 2.2 × 10 −4 ; Fig. 5k) , whereas the sequence-related sustained activity (Fig. 5h,i) was preferentially observed in D1-MSNs and less so in D2-MSNs (unpaired t test, t 19 = 2.37, P = 0.03; Fig. 5k ). This profile mirrored the distribution of sequence-related activity in downstream nuclei SNr and GPe, where SNr exhibited more sequencerelated start/stop (unpaired t test, t 10 = 2.89, P = 0.02) and inhibited (unpaired t test, t 10 = 3.14, P = 0.01) activity than GPe, which had more sequence-related sustained (unpaired t test, t 10 = 2.53, P = 0.03) activity (Fig. 5l) , and is consistent with the fact that SNr and GPe receive GABAergic inhibitory inputs from D1-and D2-MSNs, respectively 17, 18 . These data indicate that direct and indirect pathways show concomitant activity during the initiation of action sequences, but behave rather differently during the execution of action sequences.
Notably, when we further subdivided the start/stop activity in D1-and D2-MSNs into start only, stop only and boundary (both start and stop) subtypes, we found that a similar percentage of D1-MSNs signaled sequence start versus stop (paired t test, t 11 = 0.47, P = 0.65; npg a r t I C l e S Fig. 5m and Supplementary Fig. 8 ), whereas the majority of D2-MSNs preferentially displayed activity related to the start rather than the end of the sequence (paired t test, t 8 = 2.46, P = 0.04; Fig. 5m and Supplementary Fig. 8 ). There was no substantial difference in terms of timing of start activity between D1-and D2-MSNs populations (although D2-MSNs tended to start slightly earlier; Supplementary  Fig. 8 ). As in previous studies 9 , few D1-and D2-MSNs displayed boundary type activity compared with start only and stop only activity (paired t test, t 11 = 6.71, P = 3.4 × 10 −5 , and equal proportion in D1 versus D2-MSNs, unpaired t test, t 19 = 0.31, P = 0.76; Fig. 5m) . Notably, different types of putative striatal interneurons also showed distinct sequence-related activity ( Supplementary  Fig. 9) . Furthermore, previous studies using a cue-instructed action sequence task have revealed that many neurons in cortex represent sequence boundaries 30 . Consistently, when we investigated the activity of primary motor cortex (M1) neurons during sequence performance, we found that about half the neurons displayed start/ stop activity and that many M1 neurons encoded the sequence boundary ( Supplementary Fig. 10 ), that is, the same neuron changing rate during both sequence start and stop. Notably, few M1 neurons showed sustained activity throughout the whole sequence execution (Supplementary Fig. 10 ). a r t I C l e S DISCUSSION Our results indicate that when mice learn to perform very rapid action sequences as individual behavioral units, neuronal activity that encodes the whole sequence as one single action emerges in basal ganglia circuits. In addition to activity related to the initiation and termination of the whole sequence, which could signal the parsing of single elements into sequences, we found neurons that changed their firing rate during the whole period of sequence execution. A subset of these neurons displayed sustained activity throughout the execution of the entire action sequence and showed oscillations in firing rate that were correlated with the pressing rate. Others were inhibited throughout the whole duration of the sequence. These findings indicate that neurons in the basal ganglia might be involved in the concatenation of individual behavioral elements into motor chunks. Furthermore, optogenetic identification of cell types in behaving mice revealed that striatonigral and striatopallidal neurons (D1-versus D2-MSNs) showed preferentially sequence-related sustained versus inhibited activity, respectively. Notably, the target regions that received GABAergic innervation from striatonigral and striatopallidal neurons (SNr and GPe) behaved in a symmetric manner, confirming that the two basal ganglia pathways have different activity during the execution of motor sequences (Supplementary Fig. 10 ). This behavior of basal ganglia pathways during the performance of action sequences is consistent with well-accepted models of basal ganglia function postulating that direct pathway neurons would be active during movement to facilitate it, that is, prokinetic, whereas indirect pathway neurons would be inhibited during movement and active during lack of movement, or antikinetic [19] [20] [21] [22] . However, our optogenetic identification results clearly show that direct and indirect pathway neurons exhibit a concomitant phasic increase in activity during the initiation of action sequences ( Fig. 5m and Supplementary  Fig. 8 ). These results are more consistent with alternative models that state that coactivation of direct and indirect pathways is critical for action selection during movement initiation 23, 24 . Some, for example, defend the idea that coactivation of these pathways would permit direct pathway neurons to select the desired motor program, whereas indirect pathway neurons inhibit competing motor programs 23, 24 . D2-MSNs did tend to show slightly earlier phasic activity than D1-MSNs during sequence initiation, although these differences were not substantial (Supplementary Fig. 8) . Notably, most of the start/stop activity that we observed in basal ganglia circuits was specific to either the initiation or the termination of lever press sequences, suggesting that the basal ganglia deal with the specific movements starting and ending a motor sequence 9 , rather than with defining the boundaries of the sequence (previously observed in striatum in maze tasks 14, 31 ), which appears to be a more prominent feature of cortical areas (Supplementary Fig. 10 ) 6, 7, 30, 32, 33 . These data strongly suggest that there may be different functional modes of basal ganglia during the initiation versus execution of actions, which involve different subsets of D1-and D2-MSNs 23, 24 (Supplementary Fig. 10) . Furthermore, this diversity in activity during sequence initiation versus sequence execution was also observed in the downstream target nuclei. For example, different subsets of neurons in SNr, which is thought to facilitate movement via disinhibition of target structures, displayed different sequence-related activity (start/stop, inhibited and even sustained). One interesting possibility would be that different subsets of SNr neurons project to different target areas 34, 35 and coordinate the activity in those areas during action sequences.
We observed virtually no neurons in basal ganglia with activity specifically related to the second press or to the third press of a sequence, suggesting that basal ganglia neurons can encode concatenation of motor elements at the individual neuron level. This is different from cerebral cortex, where sequential activation of different neurons at different time points 36 or selective activation of a specific neuron depending on the particular aspect of temporal structure of sequence 33, 37 have been observed. Still, the sustained activity observed in basal ganglia may result from the convergence of different upstream neurons into single striatal neurons or from re-entrant cortico-basal ganglia-thalamus loops 23, [33] [34] [35] .
In summary, our findings indicate that the basal ganglia may be important not only for action selection, but also for the modulation of ongoing actions 38, 39 . In addition, we found that different subsets of direct and indirect pathway neurons are engaged during sequence initiation, execution and termination, which suggests that the behavior of basal ganglia circuits during complex behavior may not adhere to simple dichotomies. Our data underscore the importance of basal ganglia circuits in the concatenation and parsing of action sequences, and thus their fundamental role in learning and organization of behavior. These findings may have important implications for understanding the neurological and psychiatric disorders in which action chunking is affected, including Parkinson's and Huntington's diseases 11, 12 , obsessivecompulsive behavior 40 , and speech disorders 41 .
METhODS
Methods and any associated references are available in the online version of the paper. of mice were trained and recorded for two single-left-lever sessions each day with two consecutive schedules, to assess speed-specific sequence activity. For D1-/D2-MSNs identification during rapid sequence execution experiments, D1-Cre or D2-Cre mice were pretrained behaviorally before viral infection of ChR2 to match the timing of peak of ChR2 expression, surgery recovery and rapid sequence behavior.
Neural activity was recorded using the MAP system (Plexon). The spike activity was initially sorted using an online sorting algorithm (Plexon), and only cells with a clearly identified waveform and relatively high signal-to-noise ratio were used. After recording, cells were resorted using an offline sorting algorithm (OfflineSorter, Plexon) to isolate single units. Single units displayed a clear refractory period in the inter-spike interval histogram, with no spikes during the refractory period (larger than 1.3 ms). Transistor-transistor logic pulses were sent from a Med-Associates interface board to the MAP recording system through an A/D board (Texas Instrument) so that all mouse's behavioral timestamps during sequence learning were synchronized and recorded together with the neural activity 9, 43 . For the simultaneous neuronal recording and optogenetic stimulation in D1-ChR2 and D2-ChR2 mice, the experiments were performed in another rig with the same operant box using the Cerebus recording system (Blackrock Microsystems). Other than that, all of the spike recording and sorting procedures, and the simultaneously recorded behavioral stamps as well as the light stimulation timing and duration, were processed in the same manner.
Striatal neurons classification.
In dorsal striatum, fast-spiking interneuronsputative parvalbumin-containing neurons were identified as having a waveform half-width of less than 100 µs with a baseline firing rate of more than 10 Hz, and tonically active interneurons-putative choline acetyltransferaseexpressing neurons were identified as those with a waveform half-width more than 300 µs. All other units were classified as putative GABAergic MSNs 9, 43 . On the basis of these criteria, 91.6% of all recorded striatal units were classified as MSNs, 3.4% as fast-spiking interneurons-putative parvalbumin-containing neurons and 5.0% as tonically active interneurons-putative choline acetyltransferase-expressing neurons, respectively ( Supplementary Figs. 4 and 9) . For SNr and GPe, because of the rather small percentage of interneurons, as well as the unknown physiological properties of them [44] [45] [46] [47] , we regarded all cells recorded as putative GABAergic projection neurons. No mice were excluded from analyses. Putative fast-spiking interneurons and tonically active neurons recorded from the same electrode were excluded. chR2-aided d1-/d2-MSns identification. The striatum consists of two major subpopulations of MSNs, with one subtype expressing dopamine D1 receptors and another subtype expressing dopamine D2 receptors 18, 22, 48 . The DIO constructs used to express ChR2-YFP do not permit expression in cells that do not express Cre recombinase 9, 22, 28, 29 . Optical stimulation in ChR2-expressed cells is able to directly evoke spiking activity with short latency 9, 22, 28, 29 . We connected the headstage and electrical wires for neuronal recording and the optic fiber for light stimulation from the beginning of the rapid sequence training session, for better monitoring of the same cells stably during behavioral training and later optogenetic identification. At the end of each training session, we delivered blue light stimulation through the optic fiber from a 473-nm laser (Laserglow Technologies) via a fiber-optic patch cord, and simultaneously recorded the neuronal responses, to interrogate the molecular identity of cells previously recorded during the behavioral performance. The stimulation train was either 25 pulses of 10-ms duration delivered at 5 or 14 Hz, or 25 pulses of 1,000-ms duration delivered at 0.5 Hz. Multiple stimulation trains were repeatedly used based on the condition of the mouse and quality of cell activity to verify cell identity. We very carefully regulated the laser power to a relatively low level, but strong enough to evoke reliable spikes in a small population of neurons recorded from certain electrodes, as high laser powers usually induced an electrical signal much larger and very different from the spike waveforms previously recorded in the same electrode, presumably resulting from synchronized activation of a large population of cells surrounding the electrode. For cell identification in different sessions in the same mouse, substantial effort was made to optimize the position of optic fiber to identify those units recorded from different electrodes and that were not being able to be identified in the previous session. The final laser power used for reliable identification of D1-/D2-MSNs was between 1.0 and 1.5 mW measured at the tip of the optical fiber (slightly varying for different mice and different sessions). Only those units showing very short (≤6 ms) response latency to light stimulation and exhibiting exactly the same spike waveforms (R ≥ 0.95, Pearson's correlation coefficient) during sequence behavior and light response were considered as direct activation and Cre positive 9, 28 . The results and the conclusions were qualitatively the same if a longer response latency was considered (≤10 ms). Although the latency of ChR2-evoked responses in D1-/D2-MSNs has been reported as being as long as 40 ms or more 22 , stricter criteria were employed to minimize the possibility of false positives (with the risk of increasing false negatives, and hence having to perform more recordings/mice to achieve the same number of neurons). The final statistics was based on percentage of different activity types in individual mouse so only those sessions successfully identified >3 Cre-positive neurons were included for statistical analysis to avoid bias resulted from limited sampling size.
Analysis of neuronal activity. As described previously 9 , neuronal activity referenced to lever press onset was averaged in 20-or 50-ms bin, shifted by 1 ms, and averaged across trials to construct PETHs around lever pressing. Distributions of the PETH from 5,000 to 2,000 ms before lever press were considered baseline activity. We then determined which 20-ms bins, slid in 1-ms steps during an epoch spanning from 1,000 ms before and after the event, met the criteria for task-related activity. A significant increase in firing rate was defined if at least 20 consecutive overlapping bins had firing rate larger than a threshold of 99% above baseline activity, and a significant decrease in firing rate was defined if at least 20 consecutive bins had a firing rate smaller than a threshold of 95% below baseline activity 9, 49 . The onset of press-related firing-rate modulation was defined as the beginning of the first of 20 consecutive significant bins. The modulation period was defined as the time window from the beginning of the first of 20 consecutive significant bins to the final of the consecutive significant bins 9, 49 . To determine whether a task-related neuron was sequence start/stop related or not, we generated five firing-rate distributions, each one based on the PETH of rate modulation period for a specific press within the sequence: namely the first, second, third, fourth and final press within a sequence (the final was not always the fourth). Sequence start/stop related neurons were defined as those where the mean peak (or trough) firing-rate modulation of the first press (start), final press (stop), or both was significantly different from the peak/trough of the within sequence presses. Sequence-related inhibited or sustained types of neurons were determined in the same way by looking for those neurons that showed significantly negative or positive firing rate modulation for all lever presses within the sequence. To assess if neurons with sustained activity throughout pressing showed peaks of activity related to each lever press of the sequence, the first press related PETH was temporally shifted for the peak firing to match the timing of first lever press (as changes in neuronal activity typically preceded the first lever press) 9 and the correlation coefficient was then calculated between the shifted PETH and the lever press rate histogram (also aligned to first press in the sequence). A procedure for classification of different types of sequence-related neuronal activity was based on a decision tree for determining sequence-related start/stop, sustained and inhibited types of neuronal activity, as well as potential subtypes with overlapping response. Principal component analysis (PCA) of individual-lever-press related firing rate modulation vector for the 1st, 2nd, 3rd and 4th press was conducted for further isolation of different response types. A threedimensional classification was then plotted based on first principal component (PC1), second principal component (PC2) and average modulation of neuronal firing rate of each neuron (Supplementary Fig. 5 ). For D1-/D2-MSNs identification experiments, the neuronal response latency to light stimulation was defined as the beginning of significant firing rate increase after light onset, based on the neuron's baseline firing rate and light stimulation related PETH. All data analyses were conducted in Matlab with custom-written programs (MathWorks).
Statistics. All statistics were performed on the basis of values for each mouse per session. One-way ANOVA and repeated-measures ANOVA were used to investigate general main effects; and paired or unpaired t-test (within or between subjects) was used in all planned and post-hoc comparisons; otherwise statistics were specifically stated in text. Samples sizes were calculated based on α = 0.05 and power > 0.7. Normality was verified for all analyses of variance. Statistical analyses were conducted in Matlab using the statistics toolbox (MathWorks) and GraphPad Prism 4 (GraphPad Software). Results were presented as mean ± s.e.m., and statistical significance was considered for P < 0.05. In the version of this article initially published online, gray and black were reversed in the key to Figure 2i . The error has been corrected for the print, PDF and HTML versions of this article.
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